The uplift of the Arabian Shield and the opening of the Red Sea led to the development of steep drainage systems in the Western Arabian Peninsula. Although the Peninsula has been studied from a geological perspective, in relation to oil production, plate tectonics and eolian systems such as sand dunes, the steep mountainous drainage basins have received much less attention. This paper aims to assess the characteristics and development of 36 drainage basins in the Western Arabian Peninsula, using a digital elevation model (DEM), principal component analysis (PCA), and hierarchical cluster analysis (CA). Three major principal components (PC1 to PC3) are found to explain 73% of total variance. CA divided the basins into two or four groups. The division by CA strongly reflects PC1, showing that the two analyses give comparable results. PC1 strongly reflects basin dimensions and drainage texture, and their positive correlations indicate the significant effect of basin relief and slope on mass wasting and limited stream incision in small basins under an arid climate. PC2 mainly reflects the effect of bedrock geology, suggesting that volcanic rocks tend to produce more elongated and less eroded immature basins than crystalline rocks do. PC3 mainly reflects the basin relief and slope and the length of each stream segment, which may also reflect the effect of mass wasting on stream development.
Introduction
The Arabian Peninsula has a very long geological history, extending back to the Precambrian. The Tertiary Red Sea-Gulf of the Suez rift system is a prime example of active continental rifting and breakup [1] [2] . The rift underwent uplift and mountain building in the Western Arabian Peninsula, and the resultant mountains have been subject to erosion to form steep drainage basins. The peninsula has been much studied from the point of view of petroleum geology [3] [4], geological structures [5] [6] , eolian landforms [7] [8] and plate tectonics [9] [10] . However, the geomorphologies of the steep drainage basins in the peninsula and the fluvial processes active there have received much less attention, to date [11] . Geomorphological studies in the region have mostly been carried out by petroleum geologists whose main interest is not the geomorphology itself [12] . Although some researchers, such as Al-Sayari and Zötl [13] , Davison et al. [14] , Sen [15] , and Subyani et al. [16] , have studied the regional geomorphology and hydrogeology of the Arabian Peninsula, a full scientific understanding of landforms there is still lacking.
Quantitative morphometric analysis of drainage basins was begun in the middle of the 20th century, based on manual analyses of printed topographic maps [17] - [21] . The advent of geographic information systems (GIS) allowed the digital extraction of morphometric parameters from digital elevation models (DEMs), for the quantitative characterization of landforms [22] [23] . Such geomorphic analyses are conducted using geomorphometric indices. For example, the hypsometric integral (HI) of various river basins has been analyzed and linked to lithological resistance and tectonic uplift [24] [25] . Various morphometric parameters can be derived from drainage basins, and as such it is often difficult to ascertain which are the most effective for geomorphological reasoning. Statistical analysis aids in reducing this complexity in drainage basin research [26] [27], using a wide variety of pattern recognition operations, such as factor analysis, principal component analysis, cluster analysis, and discriminant analysis [28] . A systematic classification of large rivers based on their hydrosedimentary components was successfully conducted using multivariate statistics [29] [30] ; however, such studies on steep river basins have thus far been limited. Although Subyani et al. [16] applied multivariate techniques to the geomorphology of steep basins in the Arabian Peninsula, they investigated only ten basins, which places a limit on the statistical significance of the work. In addition, their paper is predominantly technical, with limited discussion regarding the geomorphological implications of the results.
In this paper, we present geomorphological quantification of comparisons between 36 basins in the mountainous terrain of the Western Arabian Peninsula. We examine 21 DEM-derived morphometric parameters, and conduct multivariate statistical analyses to classify the basins and discuss the potential factors affecting drainage-basin form and development. We also examine the influence of bedrock geology on various landforms.
Study Area
The study area, comprising the Western Arabian Peninsula, corresponds to the western part of the Arabian Plate. The plate has undergone a series of uplift events since the Mesozoic, with episodes of rotational tectonic movement, collision and subduction [10] . The northern part of the plate has been moving in a northwest direction at a rate of approximately 20 mm/yr, whereas the southern part is moving more slowly and is subject to weak to moderate seismic activities [11] . The Arabian Peninsula consists of Precambrian basement overlain by Tertiary and older volcanics to the west, and marine and continental sediments to the east [31] . The Arabian shield is a region of Precambrian-age metamorphosed sedimentary and volcanic rocks intruded by younger granites and gneisses [11] , and which has been divided into various major tectonostratigraphic terrains, suture zones, fault zones and post accretionary basins [5] [6] . The 36 drainage basins chosen for this study are major basins, each with an area of more than 500 km 2 ; they are located in the Midyan, Hijaz and Asir terrains within the shield, and within an area of Tertiary volcanics in the Yemen region (Figure 1) . Around 75% of the basins are located in the shield. All basins drain toward the west or southwest, except for the southernmost basin (#1), which drains toward the south. The maximum altitude of the study area is 3658 m in basin #4. The steep topography of the basins reflects the uplift that has occurred along the Red Sea. For comparison, the ten basins studied by Subyani et al. [16] are located in the Hijaz and Jeddah terrains.
From north to south, the Arabian Peninsula exhibits relatively large climatic variations in terms of temperature, but is consistently arid, except in the southwest. The annual average rainfall for Saudi Arabia is 93.5 mm [32] and that for Yemen is 492 mm [33] . Thus, the basins studied here have only intermittent water flow, which is mostly restricted to the periods during and directly after occasional heavy precipitation events. 
Materials and Methods
With the free availability of the digital elevation models (DEMs) from the Shuttle Radar Topographic Mission (SRTM) and the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), cost effective solutions for morphological studies including watershed delineation and stream network parameter extraction can now be performed using automated procedures. Although both the SRTM and ASTER DEMs suffer from local artifacts, they have strong similarities [34] [35] , and artifacts in the ASTER GDEM v2 are less for open or bare lands than forested areas [36] . Considering the study area consists mostly of bare land under an arid climate, and the ASTER GDEM has a higher spatial resolution (30 m) than the SRTM DEM (90 m), we choose the ASTER GDEM v2 to derive the morphometric parameters. The DEM is constructed from along-track stereo pairs and has −0.20 m average vertical accuracy, when compared to ~18,000 absolute geodetic references over the Conterminous US (CONUS), and an accuracy of 17 m at 95% confidence [36] . The watersheds and stream networks of the 36 basins were delineated from the GDEM (Figure 1 and Figure 2 ) using the ArcHydro tool in ArcGIS (ESRI, Redlands, USA). For this, a constant threshold contribution area of 0.45 km 2 was chosen, based on visual comparisons with the 1 m-resolution World Imagery Map provided by Microsoft's Bing Maps. The stream networks were then ordered using Strahler's method [18] .
Twenty-one morphometric parameters were obtained from the DEM for all 36 basins. These include several basic morphometric parameters: the basin area (A), basin perimeter (P), basin length (Lb), total stream length (Lu), and total number of streams (Nu). The remaining parameters, which are partly derived from the basic parameters, are mean stream length (Ls), average length of first order streams (L 1 ), ratio of average lengths of first to second order streams (R 12 ), bifurcation ratio (Rb), stream frequency (Fs), first order stream frequency (Fs 1 ), ratio of first order stream number to perimeter (RP 1 ), drainage density (Dd), maintenance coefficient (Mc), circularity ratio (C), elongation ratio (Re), form factor (Ff), relief ratio (Rr), relative relief (Rl), hypsometric integral (HI), and ruggedness number (Rn). The definitions of each parameter are shown in Table 1 . Statistical analyses were performed using the MYSTAT and STATISTICA software. Multivariate analyses such as principal component analysis (PCA), canonical correspondence analysis (CCA), redundancy analysis (RDA), cluster analysis (CA) and discriminant function analysis (DFA) have often been applied to geoscientific studies. One of the main advantages of these techniques is the ability to analyse large and complex datasets containing many variables and spatial units. Among these, we perform PCA and CA because they are most basic and thus have been used intensively and successfully in various environmental and geoscientific studies [40] [41] . These two techniques are simple and enable the identification of structures within a data set, and reveal relationships between data components, so that important information can be retained, while noise is discarded.
Principal Component Analysis is mainly used in geomorphology for data reduction [42] [43], and in many cases only a few principal components are needed to describe the essential data characteristics [44] . PCA calculates the correlation matrix, the principal component loading matrix and respective Eigen values to explain the structure of the parameters. We employ PCA here to examine the structural relationships of the 21 morphometric parameters and to classify the basins using the obtained component values.
In previous studies, CA has been used for grouping geomorphological units, such as drainage basins, based on morphology [30] [45] . The results of the CA in this study are shown in the dendrogram, whose horizontal axis corresponds to the linkage distance. Among the available approaches, we chose the Euclidean (geometric) distance method because it utilizes more information about the cluster contents and has previously been successfully applied to the grouping of drainage basins [30] . We applied CA to the objective classification of the 36 ba- Average length of first order stream L 1 Total length of first order stream/Number of first order streams [29] Ratio between average lengths of first to second order streams R 12 Average length of first order streams/Average length of second order streams [29] Bifurcation ratio Rb Ratio of number of stream segments of one order to the number of the next higher order [20] Stream Circularity ratio C (4π × basin area)/Perimeter 2 [39] Elongation ratio Re ( ) 2 basin area π Basin length [20] Form factor Ff Basin area/Basin length 2 [17] Relief ratio Rr Basin relief/Basin length [20] Relative relief Rl Basin relief/(Perimeter × 100) [38] Hypsometric Integral HI (Elev mean -Elev min)/(Elev max -Elev min) [18] Ruggedness number Rn Basin relief × Drainage density [29] sins, based on the values of the 21 parameters. Table 2 summarizes the minimums, maximums, means, and standard deviations of the 21 morphometric parameters for each of the 36 basins. Further, the correlation matrix of the 21 morphometric parameters is shown in Table 3 . This indicates that strong correlations (R = 0.8 -0.9) exist between some parameters that represent similar geomorphological characteristics: 1) A, Lb, and Nu; 2) Fs, Dd and Mc; and 3) C, Re and Ff. Good correlations (R = 0.7 -0.8) exist between 1) P and HI, and 2) Ff, Re and C. Moderately well correlated parameters (R = 0.5 -0.7) include 1) Re and Dd, and 2) HI and A. We conducted principal component analysis considering these correlations.
Results

Principal Component Analysis
From the 21 parameters, five principal components (PCs) were detected with eigenvalues greater than one ( Table 4) ; these components account for around 87% of the total variance. Upon varimax rotation, the cumulative total variance remained the same, so we considered the original PCA loadings. All the parameters are well represented by these five PCs (Table 4) . However, the contributions of the 4th and 5th components (PC4 and PC5) are smaller than those of the 1st to 3rd (PC1 to PC3). In addition, with PC4 and PC5, no parameter shows a loading value greater than 0.6., we therefore focus primarily on the first three components.
PC1
Around 39% of the variance of the 21 parameters is described by PC1. The factor loadings indicate that PC1 represents those parameters that are related to the dimensions of drainage basins, such as A, P, Nu, Lu, and Lb, Table 4 ). The sign of PC1 across the peninsula is mapped in Figure 3(a) . Negative PC1 scores correspond to areal components with lower values, and to coarser drainage texture; thus small A, Dd, Fs 1 , Fs Mc, Lb, and a relatively small Nu. Such negative scores are mostly confined to the central part of the study area, particularly the Asir terrain, which extends from Yemen to the northern Jeddah region with altitudes greater than 3000 m. In contrast, a positive PC1 score indicates fine drainage textures and large areal extents. Most of the basins located in the Hijaz and Midyan terrains are associated with positive PC1 scores (Figure 3(a) ), having large A, high Dd, high Fs and Fs1, and large Lb. The drainage basins located in the Yemen Cenozoic volcanic terrain also tend to have positive PC1 scores. Overall, larger basins have positive PC1 scores (Figure 3(a) ).
PC2
PC2, which explains around 21% of the total variance, represents parameters HI, C, Re and Ff (Table 4) , which reflect the general shape of a basin. Positive PC2 scores often correspond to low HI, while negative scores indicate high HI. Positive PC2 scores also represent nearly circular basins, according to the values of C, Re and Ff, whereas negative scores reflect more elongated basins. Those basins with positive PC2 scores tend to be located in the southern Asir, northern Hijaz, and Midyan terrains (Figure 3(b) ). In contrast, negative PC2 scores are 
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found in the Yemen, northern Asir and southern Hijaz regions (Figure 3(b) ).
PC3
PC3 explains 13% of the total variance, and represent variances in Ls, L 1 , Rr, Rl, and Rn (Table 4) . This component therefore represents relief components, where basins with high relief and shorter streams have positive PC3 scores, and negative scores indicate low relief and longer streams. The spatial variation in PC3 scores is plotted in Figure 3(c) . The PC3 scores tend to be positive in the Asir and Yemen terrains, while most of the basins located in the Hijaz and Midyan regions have negative PC3 scores.
Cluster Analysis and Relation with PCA
From the dendrogram obtained from cluster analysis (Figure 4) , two major clusters, A and B, with 24 and 12 basins respectively, may be identified. Cluster A is subdivided into Clusters I and II, with 17 and 7 basins, respectively. Cluster B can also be subdivided into Clusters III and IV, with 9 and 3 basins, respectively. The rela- tionships between the clusters and the PCA scores ( Figure 5) show that the clusters well correspond to the values of PC1. In general, the PC1 scores of basins in each of the clusters tend to increase in the following order: I, II, III and IV. Correlations between the clusters and the PC2 or PC3 scores are less clear. However, clusters II and IV have consistently positive PC3 scores, while clusters I and III are characterized by a wider range of PC3 scores, including some negative values.
Discussion
The importance of PC1 in classifying the drainage basins is made clear by the following two observations: 1) the component explains around 40% of the total variance of the morphometric parameters; and 2) it corresponds well to the classification of basins using CA. PC1 represents the basin dimensions and drainage texture, and they are positively correlated ( Table 4 ), such that larger basins tend to have finer textures, giving larger values of Dd. It is well known that the relief ratio or basin slope generally tends to decrease with increasing basin size [46] [47], which also holds true for this study area ( Table 3) . Previous studies have also related Dd to the relative relief or slope of a terrain [48] [49], and both positive and negative correlations have been observed, depending on the dominant hillslope processes [47] [50]. In the study area, the drainage texture parameters, such as Dd, have negative correlations with relief and slope parameters Rr and Rl ( Table 3 ), indicating that mass wasting on steeper slopes is responsible for a reduced Dd. Indeed, steep areas in the study area are typically characterized by the occurrence of frequent landslides [51] [52] . Therefore, the marked correlation between basin dimensions and drainage texture, as depicted in the main structure of PC1, seem to reflect the effects of relief and slope of a terrain. It is clear that the effect of relief and slope is not the sole factor determining the main structure of PC1, because PC3, a component theoretically independent of PC1, more directly represents the relief and slope parameters. In other words, the effects of these parameters are not well reflected in PC1, and so there must be other mechanisms controlling the positive correlations between basin dimension and drainage texture. One possible factor may be the hydrological characteristics of drainage basins, which are related to climate. In an arid climate, the production of marked channelization with large and relatively frequent flow requires a large upstream area.
If such channelization occurs along the trunk stream, it leads to channelization along tributaries due to a fall in the local base level; this brings about positive correlations between basin dimensions and drainage texture. Our observations from the 1 m-resolution imagery of the study area provided by Bing Maps reveal that, in the trunk streams of large drainage basins, lateral erosion has been occurring, resulting in the streams cutting into the valley-side slopes. This also leads to a fall in the local base level for the tributaries, more accelerated channelization, and a finer drainage texture. In contrast, such lateral erosion is limited in smaller basins.
Subyani et al. [16] also conducted PCA for ten basins in the Hijaz terrain, and the PC1 found in that study is similar to ours, in that it represents basin dimensions and drainage density. However, they described these para- meters simply as "major morphometric parameters", and did not consider the relationships between basin dimensions, drainage texture, relief and slope parameters, and hydrological characteristics. This study has therefore not only confirmed the preliminary observations made by Subyani et al. [16] from a smaller data set, but has also provided a geomorphological interpretation of the most important principal component. PC2 represents the general shape of the basins, in terms of circularity and standardized hypsometry. PC2 is theoretically independent of PC1, and this is supported by the different parameters represented by the two components: basin dimensions such as area and basin shape such as circularity may be regarded as independent. One significant aspect of PC2 is its correlation with geology. Figure 6 shows the scores of PC1 to PC3 for each drainage basin according to the two major lithological types: crystalline rocks and volcanic rocks. From this, it can be seen that PC1 and PC3 are basically unrelated to geology. In contrast, PC2 clearly correlates with geology, in that the PC2 values for basins underlain by crystalline rocks tend to be positive, while those for volcanic rocks tend to be negative. This observation indicates that, although lithology is not included as a parameter in the PCA, its effect on the general shape of river basins is reflected in a PC. Generally, those basins underlain by volcanic rocks are more elongated, and less eroded in terms of hypsometry. This agrees with observations made by Davison et al. [14] and Vincent [11] that the flood basaltic rocks in Yemen act as cap rocks and prevent erosion, whereas in the Asir terrain, crystalline rocks are associated with very steep rivers incised into high mountains. The correlation between lithology and basin elongation in part of our study area was also indicated by Subyani et al. [16] . However, in their analysis, the parameter relating to basin circularity was not regarded as a major parameter of any PC. Their PC2 is more related to basin slope and relief, and they did not discuss the effects of geology on their PCs. In statistical analyses of geomorphological units such as drainage basins, lithology is usually represented as a categorical variable, because its quantification as a continuous variable, including a representative index for rock strength or weathering vulnerability, is difficult. Therefore, PCA and CA usually do not incorporate geological parameters. However, if geological differences are considered along with the results from PCA and CA, it may be possible to discuss the potential lithological influence on landforms, as demonstrated in this study.
PC3 reflects relief components and the length of each stream segment. In this area, steeper basins tend to have shorter stream segments. This corresponds to the negative correlation between Dd and relief and slope, as noted above. Although PC3 explains a smaller percentage of the total variance than PC2, it better explains the secondary level variation observed in the CA result, as noted in Section 4.2. Although both PCA and CA can be used to classify river basins, giving similar results in this study area as far as the most important component (PC1) is concerned, they also represent somewhat different features and processes, such as hydrological conditions that may affect formation of the first-order streams with different channel-head areas, or more frequent confluences, despite similar total stream lengths.
Where PCA has been previously applied to drainage basin parameters, those parameters that represent basin dimensions were not included, to focus on the standardized parameters [29] [42] . This approach is in line with the common use of standardized parameters, such as Dd and HI, and may be effective in avoiding complications in analyses and discussion. However, as indicated in our study, the absolute basin size does influence the standardized parameters of drainage texture in some cases, and may therefore be essential in classifying drainage Figure 6 . Scores of PC1, PC2, and PC3 for each drainage basin according to the two major lithology types in the study area.
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Conclusion
We have conducted a morphometric study to analyze and classify the 36 drainage basins in the western Arabian Peninsula. PCA and CA were applied to 21 morphometric parameters derived from a DEM. We found that the three major principal components can be interpreted in relation to drainage basin development through fluvial and hillslope erosion, under the influence of geology. The result of the drainage basin classification from CA is consistent with the results of PCA. Compared with previous drainage basin analyses using PCA, this study has used a greater number of drainage basins and morphometric parameters to obtain a statistically more significant result and to include the possible effects of absolute basin dimensions on geomorphic processes. We have also suggested the importance of considering geology when interpreting the results of PCA and CA generated only from morphometric parameters, because geology and landforms are often related. Some of our results appear to be unique to arid regions; for example, the influence of basin size on erosion may be less significant in humid regions because even small basins can generate sufficient flow to produce marked fluvial erosion. Further studies into drainage basins in varying environmental conditions are necessary to address such issues.
